The formation of the first massive objects in the infant Universe remains impossible to observe directly and yet it sets the stage for the subsequent evolution of galaxies 1-3 . Although some black holes with masses more than 10 9 times that of the Sun have been detected in luminous quasars less than one billion years after the Big Bang 4,5 , these individual extreme objects have limited utility in constraining the channels of formation of the earliest black holes; this is because the initial conditions of black hole seed properties are quickly erased during the growth process 6 . Here we report a measurement of the amount of black hole growth in galaxies at redshift z 5 6-8 (0.95-0.7 billion years after the Big Bang), based on optimally stacked, archival X-ray observations. Our results imply that black holes grow in tandem with their host galaxies throughout cosmic history, starting from the earliest times. We find that most copiously accreting black holes at these epochs are buried in significant amounts of gas and dust that absorb most radiation except for the highest-energy X-rays. This suggests that black holes grew significantly more during these early bursts than was previously thought, but because of the obscuration of their ultraviolet emission they did not contribute to the re-ionization of the Universe.
The formation of the first massive objects in the infant Universe remains impossible to observe directly and yet it sets the stage for the subsequent evolution of galaxies [1] [2] [3] . Although some black holes with masses more than 10 9 times that of the Sun have been detected in luminous quasars less than one billion years after the Big Bang 4,5 , these individual extreme objects have limited utility in constraining the channels of formation of the earliest black holes; this is because the initial conditions of black hole seed properties are quickly erased during the growth process 6 . Here we report a measurement of the amount of black hole growth in galaxies at redshift z 5 6-8 (0.95-0.7 billion years after the Big Bang), based on optimally stacked, archival X-ray observations. Our results imply that black holes grow in tandem with their host galaxies throughout cosmic history, starting from the earliest times. We find that most copiously accreting black holes at these epochs are buried in significant amounts of gas and dust that absorb most radiation except for the highest-energy X-rays. This suggests that black holes grew significantly more during these early bursts than was previously thought, but because of the obscuration of their ultraviolet emission they did not contribute to the re-ionization of the Universe.
The Chandra X-ray observatory is sensitive to photons in the energy range 0.5-8 keV, which in deep extragalactic observations probes predominantly accretion onto supermassive black holes 7 . Rapidly growing black holes are known to be surrounded by an obscuring medium, which can block most of the optical, ultraviolet and even soft X-ray photons 8 . With increasing redshift, at the earliest epochs, the photons observed by Chandra are emitted at intrinsically higher energies, and are therefore less affected by such absorption. Current X-ray observations have not been able to individually detect most of the first black hole growth events at z . 6 (the first 950 million years after the Big Bang) thus far, except for the most luminous quasars 9 with X-ray luminosity L X . 3 3 10 44 erg s 21 . Whereas deep X-ray surveys do not cover enough volume at high redshift, current wide-area studies are simply not deep enough. Hence, the only way to obtain a detectable signal from more typical growing black holes is by adding the X-ray emission from a large number of sources at these redshifts; we pursue this strategy here.
We start by studying the collective X-ray emission from the most distant galaxies known, at z < 6 (ref. 10), z < 7 (ref. 11) and z < 8 (ref. 12) , detected by the Wide Field Camera aboard the Hubble Space Telescope. These galaxies are as massive as today's galaxies (stellar mass 13 10 9 -10 11 M [ , where M [ is the solar mass), and they are thus likely to harbour substantial central black holes. None of the z . 6 galaxies studied in this work are individually detected in the Chandra X-ray observations. However, we detect significant signals from a stack of 197 galaxies at z < 6 in both the soft (0.5-2.0 keV; corresponding to 3.5-14 keV in the rest frame) and hard (2-8 keV; rest-frame 14-56 keV) X-ray bands independently. The detection in the soft band is significant at the 5s level, and implies an average observed-frame luminosity of 9.2 3 10 41 erg s 21 , while in the hard band the stacked 6.8s signal corresponds to an average luminosity of 8.4 3 10 42 erg s 21 . For the sample of galaxies at z < 7, we obtain 3s upper limits for the average luminosity in the observed-frame soft and hard X-ray bands of 4 3 10 42 erg s 21 and 2.9 3 10 43 erg s 21 , respectively. Combining the z < 7 and z < 8 samples, the corresponding 3s upper limits are 3.1 3 10 42 erg s 21 and 2.2 3 10 43 erg s 21 in the observed-frame soft and hard X-ray bands, respectively.
A large difference, of a factor of ,9, is found between the stacked fluxes in the soft and hard X-ray bands at z < 6. This requires large amounts of obscuring material with high neutral hydrogen column densities (N H . 1.6 3 10 24 cm 22 ) to be present in a very high fraction of the accreting black holes in these galaxies, in order to explain the large deficit of soft X-ray photons. As this signal derives from the entire population, these results require almost all sources to be significantly obscured. This in turn implies that these growing black holes are obscured along most lines of sight, as is also observed in a small subset of nearby objects 14 . Such a high fraction of obscured sources at low luminosities is also observed at low redshifts 15 . This large amount of obscuration along all directions absorbs virtually all ultraviolet photons from growing black holes. Thus, regardless of the amount of accretion in these sources, these active galaxies cannot have contributed to the early re-ionization of the Universe. Alternatively, it cannot be claimed that rapid and efficient supermassive black hole growth in the high-z Universe is implausible on the basis of any reionization constraints 16 . If most of the high-redshift black hole growth is indeed obscured, as suggested by our work, several current constraints on the lifetime and duty cycle of high-z accreting black holes need to be revisited and revised.
Assuming that the X-ray emission is due to accretion onto the central black hole, the space density of mass accreted by black holes (in terms of solar masses per Mpc 3 ) can be directly derived from the observed X-ray luminosity, as described in the Supplementary Information. Extrapolations of active galactic nuclei (AGN) luminosity functions 17 measured at significantly lower redshifts, z , 3, are consistent with the observed accreted black hole mass density at z . 6, as can be seen in Fig. 1 . This directly leads to two further conclusions: the space density of low-luminosity (L X , 10 44 erg s 21 ) sources does not evolve significantly from z < 1 to z < 6-8, that is, over more than 5 billion years. Second, at higher luminosities, the extrapolation of lower-redshift AGN luminosity functions leads to an overestimate of the observed source density in optical surveys 18 . This discrepancy can be resolved if the shape of the AGN luminosity function evolves strongly, in the sense that there are relatively fewer high-luminosity AGN at z . 6 in comparison to the z , 3 population. Another possibility is that the number of obscured sources, relative to unobscured quasars, increases with redshift, such that most of the highly obscured systems are systematically missed in these optical studies. This is strongly supported by observations of quasars at lower redshifts, z , 3 (ref. 19) . We cannot rule out either of these scenarios at present owing to the relatively small cosmological volume studied, in which the extremely rare high-luminosity AGN are absent.
Our measurements and upper limits for the accreted black hole mass density up to z < 8.5 (,600 million years after the Big Bang) constrain the nature of black hole growth in the early Universe. Two critical issues for AGN and the supermassive black holes powering them are how the first black holes formed, and how they subsequently grew by accreting mass while shining as AGN. The strong local correlation between black hole mass and galaxy bulge mass observed at z < 0 (refs 20, 21) is interpreted as evidence for self-regulated black hole growth and galaxy-black hole co-evolution 1, 22 . This is currently the default assumption for most galaxy formation and evolution models 23, 24 .
The origin of the initial 'seed' black holes remains an unsolved problem at present. Two channels to form these seeds have been proposed: compact remnants of the first stars, the so-called population III stars 25 , which generate seeds with masses ,10-10 3 M [ ; and the direct gravitational collapse of gas-rich pre-galactic disks, which leads to significantly more massive seeds with masses in the range 10 3 -10 5 M [ (refs 26, 27) . By modelling, we find that the masses of seeds that form from direct collapse are correlated to properties of the dark matter halo and hence properties of the galaxy that will assemble subsequently.
To interpret our finding, we explore a theoretical framework for the cosmic evolution of supermassive black holes. We follow the formation and evolution of black holes through dedicated Monte Carlo merger tree simulations. Each model is constructed by tracing the merger hierarchy of dark matter haloes in the mass range 10 11 -10 15 M [ backwards to z 5 20, using an extended Press and Schechter algorithm 3 . The haloes are then seeded with black holes and their evolution is tracked forward to the present time. Following a major merger (defined as a merger between two haloes with mass ratio .0.1), supermassive black holes accrete efficiently an amount of mass that is set by a 'self-regulated' model (where the accreted mass scales with the fourth power of the host halo circular velocity and is normalized to reproduce the observed local correlation between supermassive black hole mass and velocity dispersion) or by an 'unregulated' model, where the supermassive black hole simply doubles in mass at each accretion episode. See Supplementary Information for additional details.
Our observational results provide strong support for the existence of a correlation between supermassive black holes and their hosts out to the highest redshifts. In Fig. 1 , we compare both unregulated and selfregulated black hole growth models with our observations, and find that physically motivated self-regulation growth models are highly favoured at all redshifts, even in the very early Universe. Unregulated models (for instance, those in which black holes just double in mass at each major merger) are strongly disfavoured by the data. This indicates that even in the first episodes of black hole growth, there is a fundamental link between galaxy and black hole mass assembly.
As shown in Fig. 1 , once a standard prescription for self-regulation (as described above) is incorporated, both seed models are consistent with our current high-z observations. Detection of an unbiased population of sources at these early epochs is the one metric that we have in the foreseeable future to distinguish between these two scenarios for the origin of supermassive black holes in the Universe. In Fig. 2 , we present the predicted cumulative source counts at z . 6 for the models studied here. On the basis of these models, ultra-deep X-ray and nearinfrared surveys covering at least ,1 degree 2 are required to constrain rectangle (top left) shows the range of values allowed by observations of z < 0 galaxies 28 . The data points at z < 2 correspond to the values obtained from Chandra observations of X-ray detected AGN (dashed error bars) and luminous infrared galaxies 29 (solid error bars), while the measurement at z < 6-7 and the upper limits (downward arrows) at z 5 7-9 show the results described in this work (red and black data points from the observed-frame soft and hard X-ray band observations, respectively). Vertical error bars, 1 s.d.; horizontal error bars, bin size. Black solid line, evolution of the accreted black hole mass density inferred from the extrapolation of AGN luminosity functions measured at lower redshifts 17 . We overplot the predictions of black hole and galaxy evolution models 30 for non-regulated growth of population-III star remnants (cyan line) and direct-collapse seeds (green line). The red and blue lines show the predicted black hole mass density if self-regulation is incorporated. We note that model population III, f Edd 5 1, 32 has no detectable source. To distinguish between these models for early black hole formation will require a deep multiwavelength survey covering at least ,1 degree 2 .
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the formation of the first black hole seeds. This will probably require the use of the next generation of space-based observatories, such as the James Webb Space Telescope and the International X-ray Observatory.
